Abstract. We use multi-satellite and ground-based magnetic data to investigate the concurrent characteristics of Pc3 (22-100 mHz) and Pc4-5 (1-22 mHz) ultra-low-frequency (ULF) waves on the 31 October 2003 during the Halloween magnetic superstorm. ULF waves are seen in the Earth's magnetosphere, topside ionosphere, and Earth's surface, enabling an examination of their propagation characteristics. We employ a time-frequency analysis technique and examine data from when the Cluster and CHAMP spacecraft were in good local time (LT) conjunction near the dayside noon-midnight meridian. We find clear evidence of the excitation of both Pc3 and Pc4-5 waves, but more significantly we find a clear separation in the L shell of occurrence of the Pc4-5 and Pc3 waves in the equatorial inner magnetosphere, separated by the density gradients at the plasmapause boundary layer. A key finding of the wavelet spectral analysis of data collected from the Geotail, Cluster, and CHAMP spacecraft and the CARISMA and GIMA magnetometer networks was a remarkably clear transition of the waves' frequency into dominance in a higher-frequency regime within the Pc3 range. Analysis of the local field line resonance frequency suggests that the separation of the Pc4-5 and Pc3 emissions across the plasmapause is consistent with the structure of the inhomogeneous field line resonance Alfvén continuum. The Pc4-5 waves are consistent with direct excitation by the solar wind in the plasma trough, as well as Pc3 wave absorption in the plasmasphere following excitation by upstream waves originating at the bow shock in the local noon sector. However, despite good solar wind coverage, our study was not able to unambiguously identify a clear explanation for the sharp universal time (UT) onset of the discrete frequency and largeamplitude Pc3 wave power.
nature of the propagation of ULF waves to low L shells has taken on a new significance.
In the past decade, a critical mass of high-quality observation data of electric and magnetic fields in the Earth's magnetosphere has been progressively accumulated, especially with multi-satellite missions like ESA's Cluster and NASA's THEMIS spacecraft and more recently with NASA's Van Allen Probes. New analysis tools have effectively enhanced the scientific exploitation of the continuously accumulated data. In particular, recent advances in time-frequency analysis techniques using wavelet transforms have the potential to lead to versatile tools that offer insight into both spatial and temporal properties of ULF waves (Balasis et al., 2012 (Balasis et al., , 2013 . Understanding the wave characteristics at different points both in space and time can in turn shed light on the way that these waves can impact magnetospheric dynamics and, therefore, trigger space weather effects.
Recent magnetic field missions flying in a low Earth orbit (LEO), like Ørsted, CHAMP and ST-5, have enabled us to study, in situ, ULF wave occurrence in the topside ionosphere (Jadhav et al., 2001; Sutcliffe and Lühr, 2003; Engebretson et al., 2008) . Pc3 ULF waves with the period in the range 10-45 s (Jacobs et al., 1964) show up very clearly in the compressional component of the satellite magnetic field data, whereas on the ground, for shear/toroidal oscillations, their signature is found in the north-south component (Vellante et al., 2004) . However, if compressional oscillations are coupled with the ionosphere they appear in all components of the geomagnetic field (Pilipenko et al., 2011) . In particular, CHAMP, with its accurate magnetometer measurements for more than a decade (July-September 2010), has been one of the most successful satellite missions for the study of the Earth's magnetic field, offering, among other things, the possibility to initiate statistical studies on the occurrence of Pc3 upstream wave events in the topside ionosphere (Balasis et al., 2005; Heilig et al., 2007) . Moreover, the ESA's recently launched (22 November 2013) multi-satellite Swarm mission is expected to advance our current understanding of ULF wave occurrence in the topside ionosphere.
The Halloween 2003 magnetic storm (29-31 October 2003) was a rare extreme event which provided an ideal set of conditions to investigate magnetospheric and ionospheric responses to strong and continuous solar wind driving by means of both ground-based and space observations (Horne et al., 2005; Loto'aniu et al., 2006; and, more recently, Sarris, 2014) . It was characterised by a double peak (the first minimum of the D st index reached − 353 nT on 30 October 2003, while the second minimum reached −383 nT on 31 October 2003), and it was associated with two X-class solar flares and coronal mass ejections (CMEs) that occurred in quick succession on 28 and 29 October 2003, respectively. In this paper, we provide evidence for a rare simultaneous detection of a Pc3 ULF wave event by distinct satellite missions flying in the Earth's magnetosphere and topside ionosphere as well as by ground magnetic networks, showing how multipoint measurements can yield insight into ULF propagation. The Cluster and CHAMP satellites were in good local time (LT) conjunction in the time interval from 19:00 to 23:30 UT, near the dayside noon-midnight meridian, on 31 October 2003, during the recovery phase of the Halloween 2003 superstorm.
Geotail was exposed to the interplanetary magnetic field (IMF), being located outside the bow shock at the dawn flank during the same time period. The wavelet analysis of magnetic field data from these satellites combined with measurements from the closest stations to the magnetic footprint of the Cluster satellites on the ground (i.e. the Fort Yukon magnetometer station of the GIMA network in Alaska and Dawson City station of the CARISMA array in Canada) allowed us to make useful comparisons between the observations in the various data sets and draw inferences about the evolution and propagation of the ULF waves.
Data processing and analysis
The temporal resolution for our data sets is 1 s for CHAMP and GIMA data, 3 s for Geotail measurements, 4 s for Cluster measurements and 5 s for CARISMA data. During the Halloween superstorm, the Cluster spacecraft were flying in close configuration, and no significant differences are seen in the ULF wave observations among the four different spacecraft. Therefore, we only present observations from the Cluster-1 spacecraft with the understanding that very similar conditions were encountered by the remaining three Cluster spacecraft.
Magnetic field time series from the Geotail and Cluster spacecraft were transformed to a mean field-aligned (MFA) coordinate system in order to separate ULF field variations perpendicular to as well as along the magnetic field direction. The parallel component in the coordinate system is obtained from a 20 min running average of the measured magnetic field, which defines the background magnetic field. For dipolar-like field lines, such as at Cluster, the azimuthal component is positive eastward, and the meridional component points radially outward at the magnetic equator. ULF wave oscillations in these directions are referred to as compressional, toroidal and poloidal, respectively. For CHAMP measurements we looked at oscillations in the total magnetic field. This is considered a fairly good approximation of the magnetic field's compressional component when studying ULF waves in situ at the topside ionosphere (e.g. Balasis et al., 2005 Balasis et al., , 2012 Heilig et al., 2007) .
ULF waves have been traditionally identified manually by examining a series of spectrograms based on the fast Fourier transform (FFT). Moreover, motivated by the continuously increasing amount of data collected by space missions and ground-based instruments, algorithms have been developed based on FFT spectra to automatically examine spectrograms and identify ULF waves. Therefore, a variety of simple FFT automated routines exist (e.g. Anderson et al., 1992; Bortnik et al., 2007) .
The performance of FFTs to identify ULF waves has been compared with wavelet transform techniques (Boudouridis and Zesta, 2007; Murphy et al., 2009) , maximum entropy spectrum analysis (Ndiitwani and Sutcliffe, 2009 ), WignerVille distribution (Chi and Russell, 2008) , and HilbertHuang transform (Kataoka et al., 2009) . FFT seems to outperform the continuous wavelet transform in automated detection approaches, but the Morlet wavelet is better where the signal changes rapidly (Menk, 2011) . Chi and Russell (2007) proposed the selection in the Wigner-Ville distribution to be based on the comparison with background noise for any assigned confidence interval. The Wigner-Ville distribution offers several advantages (especially for time-varying signals such as Pi2, Pc1 packets and phase skips in Pc3-4), including the ability to determine wave polarisation properties. However, the Wigner-Ville distribution approach is more computationally intensive than the FFT or wavelet approaches. The Hilbert-Huang transform decomposes the waveform into a small number of intrinsic mode functions for which the instantaneous frequency is determined by means of the Hilbert transform. The method is particularly well suited for irregular signals such as Pi1, Pi2 and storm-time Pc3 packets.
For studying the waves in the time-frequency domain we applied a continuous wavelet transform with the Morlet wavelet as the basis function to the complete time series. The methodology used for the spectral analysis is the same as that described by Balasis et al. (2013) . Due to the fast motion through field lines in a LEO orbit, we are able to reliably detect Pc3 waves in CHAMP magnetic field measurements, but not Pc4-5 waves. Therefore, wavelet power spectra were separated into two categories according to their frequency bands: the first frequency range (8-128 mHz) includes Pc3 waves, and the second frequency range (1-32 mHz) includes Pc4-5 waves. Prior to the wavelet analysis the magnetic field data were high-pass-filtered. In the Pc3 frequency range, it was found empirically that a cut-off frequency of 16 mHz for the high-pass-filter results in a reduction in the amplitude of pulsations with frequencies lower than or equal to 10 mHz of approximately 90 %. Such a cut-off ensured that all low varying background activity, as well as possible contribution of Pc5 ULF waves, is eliminated. The selection of the cut-off frequency for the Pc5 case (i.e. 2 mHz) was based on similar criteria. In the case of ground stations, the filtered series have been normalised with their corresponding standard deviation values, before the wavelet analysis had been performed. This results in wavelet spectra with a unified power scale. Figure 1 shows Cluster-1 (grey) and Geotail (yellow) in the x-y (top) and x-z (bottom) axes of the geocentric solar ecliptic (GSE) coordinate system, with a model magnetopause based on the Sibeck model (Sibeck et al., 1991) and bow shock based on the Fairfield model (Fairfield, 1971 Fig. 2 can likely be attributed to solar wind perturbations compressing the Earth's magnetosphere, for example via the pressure pulse excitation mechanism discussed by Southwood and Kivelson (1990) and Sarris et al. (2010) . The Pc3 wave power in Fig. 2 occurs in bursts at ∼ 19:00, ∼ 21:10, and ∼ 22:20 UT and is primarily in the toroidal and poloidal components. The Pc5 wave power appears in two distinct blocks in the toroidal and poloidal components but is weaker and continuous in the compressional component. The poloidal and parallel Pc5 wave components are both the result of fast-mode, compressional waves. The most interesting feature occurs at ∼ 22:20 UT, when the Pc3 wave power suddenly shifts to a much higher frequency range, from ∼ 20 to ∼ 50 mHz, while at the same time the Pc5 toroidal power is terminated. We will show later that at that moment the satellite is crossing through the plasmapause boundary layer and is entering the plasmasphere, and that these wave characteristics can be explained as a result of the structure of the field line resonance Alfvén continuum. (We note that the term "plasmapause" is used here to refer to a region where the density changes from low values in the plasma trough to higher values inside the plasmasphere; we interpret waves as being excited at the local field line resonance frequency across this region.) Figure 3 shows corresponding plots to Fig. 2 for Geotail. During the time interval under study Geotail was outside the bow shock at the dawn flank at the GSM location (11.3, −16.9, 7.9 ) R E at 19:36 UT and moved to (14.5, −17.1, 7.4) R E at 23:24 UT. We examine Geotail data to look for evidence of the disturbances in its location which might have been driven by upstream waves as a result of ion specular reflection at the bow shock (e.g. Greenstadt and Olson, 1976) and which could have excited waves at Cluster and CHAMP (see Fig. 4 ). Geotail sees strong persistent perturbations starting at approximately 19:00 UT and lasting until around 23:00 UT in the Pc3 and Pc5 compressional components covering almost their whole frequency range (16-64 and 2-32 mHz, respectively). However, for the Pc3 poloidal and toroidal components they cover a frequency range between 16 and 64 mHz before 19:30 UT, while afterwards Pc3 observations are made between 32 and 64 mHz only. In the time interval between 19:30 and 21:00 UT, Pc3 poloidal and toroidal disturbances are rather weak and they seem to intensify after that time. Interestingly, high-frequency (i.e. above 5 mHz) Pc5 poloidal and toroidal observations are also absent after 19:30 until 21:00 UT. Figure 4 presents the CHAMP total magnetic field filtered time series and Pc3 wave dynamic spectra for the same time interval as in Figs. 2 and 3 for Cluster and Geotail, respectively. The third panel in Fig. 4 shows the electron density data derived from the 15 s planar Langmuir probe (PLP) measurements. The corresponding values of the CHAMP magnetic latitude and magnetic local time (MLT) are also provided in that panel. The inclusion of the electron density recordings helps to identify the time segments of the signal that contain signatures of the post-sunset equatorial spread F (ESF) events (Stolle et al., 2005) and discriminate between Pc3 wave and plasma depletion occurrence. During the times of interest, the CHAMP satellite was approximately on a noon-midnight orbit with the ascending node on the nightside and descending on the dayside (∼ 13:00-01:00 MLT sector meridian).
The signatures of the key ionospheric areas crossed during one CHAMP orbit are identified in the Pc3 dynamic spectra of Fig. 4 (see the five time intervals during a single orbit which are marked with vertical lines). It is worth noting that magnetic disturbances in the Pc3 frequency band are observed over the auroral zones (intervals 1 and 2 correspond to the northern auroral zone, while intervals 4 and 5 to the southern auroral zone) and the dayside equator (interval 3), while wave power decreases significantly at mid-latitudes - a profile that we attribute to strong ionospheric Hall and Pedersen currents there. Furthermore, a dramatic north-to-south asymmetry in the power in the Pc3 band is observed over the auroral zones (the wave amplitude ratio is nearly a factor of 2, while the wavelet power ratio is about 8 times larger), with the activity being more pronounced over the northern auroral oval. A nightside/dayside auroral oval asymmetry in the Pc3 power is also evident, with most of the power occurring on the dayside auroral oval (see intervals 2 and 4 corresponding to the dayside auroral oval in the Northern and Southern Hemisphere versus intervals 1 and 5 corresponding to the nightside auroral oval). On the other hand, because the equatorial electrojet disappears in the nightside, Pc3 power has significantly decreased over the nightside equator. Pc3 activity that is sporadically observed in the nightside is likely due to phenomena like currents enhanced during substorms or the propagation of Pi2 waves (frequency range 2-25 mHz) from the magnetotail. We note that from low Earth orbit platforms it can be difficult to differentiate between structured fieldaligned current systems and Pc3 waves even with a wavelet analysis.
The asymmetry between the Northern (winter) and Southern (summer) Hemisphere revealed by CHAMP observations in the power distribution of Pc3 power is consistent with the presence of stronger field-aligned currents (FACs) on the dayside in the Northern Hemisphere. During the time interval between 19:00 and 23:30 UT on 31 October 2003, the FAC density is larger in the Northern Hemisphere, both in the dayside and the nightside. Furthermore, due to the enhanced geomagnetic activity and a southward IMF B z , the auroral ovals have expanded towards the magnetic equator and the lowest latitude where FACs are observed on the dayside reaching down to 67 • (Wang et al., 2006) .
In order to examine the nature of the Pc3 power observed by CHAMP, and to seek periods of Pc3 ULF wave activity in this data set, we identified ground stations with locations corresponding to the magnetic footprint of Cluster-1 between 19:00 and 23:30 UT on 31 October 2003 ( Fig. 5; The transition into a different frequency regime within the Pc3 range, from frequencies between 16 and 32 mHz into frequencies centred between 55 and 60 mHz, was concurrently detected in the magnetosphere and topside ionosphere and on the ground. The high-frequency Pc3 waves present outside the bow shock at the dawn flank (Geotail) during this whole time period also seem to intensify somewhat at ∼ 22:00 UT. Shortly after, this same frequency is intensified in the Cluster compressional component, and a similar feature is also seen in the data from the two ground stations (this is also seen further east across the CARISMA array, but at lower amplitude further from local noon (not shown)). The same band abruptly initiates in the Cluster toroidal component at ∼ 22:23 UT. The high-frequency Pc3 band is also more intense through all latitudes in the CHAMP orbit through the dayside. Figure 9 shows a composite of dynamic wavelet power spectra covering the Pc5 frequency band for Geotail (compressional) and Cluster-1 (toroidal and compressional components) as well as observations from GIMA and CARISMA stations (D components) between 21:00 and 23:30 UT on 31 October 2003. We find that at 22:23 UT, when the higher Pc3 frequency fluctuations appear in the Cluster toroidal mode recordings, the spacecraft entered the plasmasphere boundary layer (PBL; see the red vertical line in Fig. 9 ), where the plasma ion density was abruptly elevated (see also Zong et al., 2007) . This is probably the reason why Pc5 waves are no longer detected by Cluster after 22:23 UT in the toroidal mode, as can be seen in Fig. 9 . CHAMP starts to see the higher frequency Pc3 pulsations at 22:11 UT, later than these pulsations were first observed by Cluster, when CHAMP was located at 60.55 • magnetic latitude (MLAT), 265.39 • magnetic longitude (MLON) and ∼ 11:28 MLT, as soon as it entered the dayside auroral oval in the beginning of its descending orbit on the dayside. After 22:47 UT these pulsations disappear from CHAMP as the satellite crosses into the southern hemisphere nightside, while Cluster and the CARISMA station continue recording them. It is evident that these high-frequency Pc3 waves are strictly on the dayside. They are present in the CHAMP data of the previous orbit (in the time interval between 20:30 and 21:30 UT in Fig. 4 ), but they are not as intense and do not occur in the mid-latitude regions. At 22:13:30 UT, i.e. later than initially observed by CHAMP, the higher-frequency Pc3 pulsations are detected on the ground, at the Fort Yukon and Dawson stations (see Figs. 6, 7 and 8) .
These findings are consistent with the hypothesis that the source of the observed dayside Pc3 waves in the magnetosphere are upstream ULF waves generated in the foreshock region. Such waves have a period controlled by the magnitude of the IMF and are believed to enter and propagate through the magnetosphere as compressional waves (e.g. Heilig et al., 2007 , and references therein). Furthermore, according to the pressure pulse model (Sibeck, 1990) , as dynamic pressure variations in the solar wind batter the magnetopause, large-amplitude boundary waves are driven and fastmode compressional waves are launched into the magnetosphere. The boundary waves are expected to move dawnward across local noon during periods of spiral IMF orientation, similar to the conditions which prevail during the time inter bow shock and the model predicts pre-noon magnetospheric and ionospheric events.
Discussion and conclusions
The intense solar activity in the end of October 2003 initiated a series of strong magnetospheric disturbances and two successive intense magnetic storms, as two consecutive CMEs impacted the Earth's magnetosphere. The "Halloween" superstorm (29-31 October 2003) has received considerable interest and triggered analysis of both ground and space data, as it offers a great opportunity for understanding the response of the magnetosphere-ionosphere system to strong and continuous solar wind driving. We investigate a specific time interval during the recovery phase of the Halloween storm on 31 October 2003, when the Cluster and CHAMP satellites were in good LT conjunction. We examine separately Pc3 and Pc4-5 ULF wave activity and the wave concurrence in different regions of the magnetosphere, down to the topside ionosphere and on the ground using wavelet transforms. We used the wavelet transform to examine the spectral properties of ULF waves recorded during the Halloween superstorm at auroral latitudes on the ground, and by spacecraft at low altitudes (CHAMP), near conjunction in the outer magnetosphere (Cluster) and outside the bow shock (Geotail). For the time interval examined, waves were observed at all these dayside locations in both the Pc3 and Pc4-5 bands. The former were likely driven directly by upstream waves originating in the ion foreshock and advected downstream to impact the magnetopause, and the latter by direct solar wind perturbations such as pressure pulses, both occurring mostly on the dayside. The multipoint satellite and ground measurements were able to yield insight into the ULF wave propagation, and we used wavelet analysis to characterise the temporal evolution of ULF spectra at multiple locations in the system under conditions of dynamical excitation.
One of the most striking features of the waves observed was the change in frequency of the waves seen at Cluster from before to after 22:23 UT. Before that time, wave spectra were dominated by Pc4-5 waves; however, after that time there was a sharp change in the spectra where the power in the Pc4-5 band decayed significantly and was replaced by strong Pc3 power with a spectral peak at around 55-60 mHz. In the upstream wave theory, the frequency of the upstream wave generated by the specular reflection of ions is related to the IMF magnitude by f (mHz) = 6 · B IMF (nT) (Yumoto et al., 1984) . According to data from the ACE spacecraft orbiting the L1 Lagrange point, as well as Geotail measurements at the dawnside flank of the bow shock, the IMF magnitude during this time was around 9 nT, in good agreement with the observed 55-60 mHz frequency seen by Cluster in its perigee pass after 22:23 UT.
In Fig. 10 we show the result of a calculation of an estimate of the fundamental mode toroidal field line resonance (FLR) frequency on the L shell of the Cluster satellite between 21:00 and 23:30 UT. We used the analytic formula from the dipole magnetic field model of Allan and Knox (Allan and Knox, 1979; Ozeke and Mann, 2004) , which is probably a reasonable approximation for the field geometry at L ∼ 4 during the Cluster perigee pass at this time. We used the electron density derived from the spacecraft potential, as well as ion density measurements from the Cluster Ion Spectrometry (CIS) experiment instrument (Réme et al., 2001) , to estimate the mass density (in Fig. 10 the electron and ion densities variations from the Plasma Electron and Current Experiment (PEACE) instrument onboard Cluster (Johnstone et al., 1997) are also presented for comparison; PEACE data are calibrated via the Waves of High Frequency and Sounder for Probing of Density by Relaxation (WHISPER) instrument onboard Cluster; Décréau et al., 1997) . As expected due to spacecraft charging, the electron number density was much larger than the observed total ion number density; however, the CIS instrument indicated a significant population of O + ions at this time (still much smaller than the electron density by number). To make analytic progress, but take into account the presence of the heavy ions, we included the mass density component by number as observed for O + , as well as He + and He ++ , assuming the remaining ion population was made up of protons to match quasi-neutrality with the electron number density. During this time the Cluster satellites also crossed close to the equator, such that the mass density can be assumed to be a good approximation to that at the equatorial plane -an assumption consistent with the results of Goldstein et al. (2001) , who showed using Polar data that there is in general only a weak dependence of electron density along the field line close to the equatorial plane. Finally, the magnetic field strength observed by Cluster was mapped from the observed dipole magnetic latitude to the dipole equator using a dipole model and combined with the derived mass density to provide a proxy for the equatorial Alfvén speed required to compute the FLR frequency in the Allan and Knox model.
Interestingly, Fig. 10 shows that before 22:23 UT the model toroidal FLR eigenfrequency derived from the Cluster observations was in the Pc4-5 range and increased with time. This is consistent with the expectation that driving fast-mode waves in the Pc4-5 (1-22 mHz) band would be absorbed at a higher L shells, before 22:23 UT on Cluster, and be unable to penetrate past the turning point to lower L shells at later times. In contrast, the model predicts a toroidal FLR frequency of ∼ 60 mHz at later times on the L shells close to perigee. This is consistent with higher-frequency fast-mode waves being able to resonate with local Alfvén waves at these lower L shells consistent with the Cluster observations. The fact that the observed Pc3 frequency fits with that expected from upstream waves whose frequency is controlled by the IMF magnitude further supports the hypothesis that this was the source of the burst of observed ∼ 50 mHz Pc3 waves.
One thing which is not well understood is why the Pc3 waves at around 55-60 mHz turn on abruptly around 22:00 UT as seen in the ground magnetometer data, being seen shortly thereafter on the Cluster satellites as Cluster 1 reaches the L shells whose resonance frequency matches the expected frequency of the driving upstream waves. We examined the ACE data (Fig. 11) but could not find strong evidence of any clear rotation from large to small solar wind cone angles. (ACE gives, for the time interval examined, solar wind cone angles between 30 and 40 • .) Such rotations are believed to be associated with the quasi-parallel shock moving towards the sub-solar point, such that the downstream stream lines would then impact the near-noon magnetopause, enabling the upstream waves to drive Pc3 wave power into the magnetosphere (e.g. Greenstadt and Olson, 1976) . At this time, ACE is located at GSM (232, 37.7, −25.7) R E such that its location places it around 45.6 R E from the Sun-Earth line. Consequently, it is possible that the magnetic field in the solar wind which impacted the Earth is not well represented in the ACE magnetic field data. King and Papitashvili (2005) have shown statistically that IMF variations in the solar wind are typically small on scale sizes ∼< 50 Re. However, during this very active time it is possible that there were angle changes which were not captured by ACE, especially considering that these waves were observed during the dynamic Halloween superstorm interval.
Fortunately, for the time interval examined, Geotail was exposed to the IMF, which was located outside the bow shock at the dawn flank. Figure 11 shows the cone angle as measured by Geotail, for the time interval from 19:30 to 23:59 UT, from which it can be seen that it is possible that there was a cone angle rotation upstream of the Earth, since the cone angle changes from values of ∼ 55 • at ∼ 19:45 UT to ∼ 15-40 • . This coincides with the Geotail spectra, and especially the azimuthal component, from which it can be seen that there is an enhancement of high-frequency wave activity after 21:00 UT. As discussed by Greenstadt and Olson (1976) , there can be a prevalence of Pc3 waves for cone angles < 50-60 • , suggesting a possible link to an upstream wave source for the waves seen both by Cluster and on the ground, although as noted by these authors there can be significant variability.
Turning to the data from low Earth orbit, CHAMP recorded the high-frequency band of Pc3 waves only over the northern dayside auroral zone and dayside equatorial zone. Following the intensification of the high-frequency band after 22:00 UT visible in the Geotail observations, CHAMP recorded the waves throughout its entire orbit on the dayside, and not solely over the auroral and equatorial zones as is the case during quieter periods. This happened presumably because, after 22:00 UT, Pc3 waves were driven from the injection of waves from the upstream wave source at the bow shock, being both stronger and ducted to all dayside latitudes after this time. A point that still needs to be clarified is the strong north-south asymmetry in the Pc3 wave obser- www.ann-geophys.net/33/1237/2015/vations. In the topside ionosphere, the waves are developed only where conductivity is increased: on the dayside and at equatorial and auroral regions of strong currents. Nonetheless, when their intensity has become significantly strong, waves can be seen at sub-auroral and mid-latitudes, but even then still only on the illuminated dayside.
The Alaska magnetometer stations (GIMA network), which were located on the dayside and close to the Cluster footprint during the time interval investigated, all recorded the onset of the strong high-frequency band after 22:00 UT (Fig. 12) , i.e. after it was detected by Geotail and Cluster (see Fig. 8 ). The same Pc3 waves and intensification is seen in the observations of Dawson -the westernmost station of CARISMA. Interestingly enough, magnetic stations along the Churchill line in the CARISMA array, which are located further east at approximately 14:00-15:00 MLT, did not observe clear waves in the afternoon local times sector (Fig. 13) . This lead us to the conclusion that this highfrequency band is most easily seen close to local noon, directly driven by bow shock upstream wave disturbances which are attached to streamlines which impact the magnetopause and hence drive waves in the near-noon and dayside magnetosphere and which can propagate to mid-latitudes with L ∼ 4 (see, for example, Russell et al., 1983 ).
An important issue for ULF wave observations with LEO satellites is the Doppler shift of waves due to the rapid motion of the satellite. For instance, Le et al. (2011) reported on a unique type of ULF wave observed by ST5, in the Pc2-3 frequency range. The coordinated ground-based magnetic observations at the spacecraft footprints, however, did not record waves in the Pc2-3 band; instead, the waves appear to be the common Pc4-5 waves associated with field line resonances. Le et al. (2011) suggested that these unique Pc2-3 waves seen by ST5 are in fact the Doppler-shifted Pc4-5 waves as a result of rapid traverse of the spacecraft across the resonant field lines azimuthally at low altitudes. In another study Balasis et al. (2012) showed that the simultaneous activation of pulsations in the Pc3 and Pc5 frequency ranges in the magnetosphere is possible. If the amplitudes of Pc3 waves in the F layer are within several tenths of a nanotesla and their wavelengths k ≥ 10 −2 km −1 , only Pc3 waves would be recorded by an ionospheric satellite due to its high speed, and only Pc5 waves would be seen on the ground surface because of the effective ionospheric attenuation of Pc3 activity (Yagova et al., 2015) . This means that synchronous recording of ground Pc5 pulsations and ionospheric Pc3 waves does not necessarily indicate that the ionospheric signal is a Doppler-shifted Pc4-5. Thus, further case studies of Pc3 wave events recorded simultaneously in several locations of the geospace are necessary and a new multi-satellite LEO mission like the ESA's recently launched Swarm mission is expected to help with resolving this issue.
Moreover, Yagova et al. (2015) observed ground-toionosphere ULF wave amplitude ratios between MM100 ground magnetometer network stations and the CHAMP satellite, corresponding to a Doppler shift f = 6.4 mHz (i.e. within a few percent of the apparent frequency of the Pc2-3 pulsations recorded by a low-orbiting spacecraft). These calculations could also apply to the case study presented in this paper.
A better understanding of the wave propagation mechanism throughout the magnetosphere, and down to the topside ionosphere and even to the Earth's surface, can help ULF wave diagnostic studies to reach their full potential. As our results demonstrate, combined interpretation of magnetic field data from the magnetosphere, topside ionosphere and ground can lead to substantial advances in the understanding of ULF wave occurrence, propagation, and development. Topside ionosphere studies can now utilise multisatellite missions like Swarm, whilst the magnetosphere is becoming ever more populated with spacecraft such as ESA's Cluster and NASA's THEMIS and Van Allen Probes. Together with supporting ground-based magnetometer arrays, such infrastructure can provide exceptional multipoint data sets with which to reveal the nature, role and impacts of ULF waves for energy transport in the inhomogeneous and coupled geospace system.
